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We explore the role of phase fluctuations in a three-dimensional s-wave superconductor, NbN, as we approach the critical disorder for destruction of the superconducting state. Close to critical disorder, we observe a finite gap in the electronic spectrum which persists at temperatures well above T c . The superfluid density is strongly suppressed at low temperatures and evolves towards a linear-T variation at higher temperatures. These observations provide strong evidence that phase fluctuations play a central role in the formation of a pseudogap state in a disordered s-wave superconductor. Understanding the role of interaction and disorder is at the heart of understanding many-body quantum systems. Over the past few decades, it has been realized that the ground state in conventional superconductors, once thought to be resilient to disorder [1] , gets destabilized at a critical value of disorder, giving rise to unusual metallic and insulating states [2, 3] . However, recent experiments indicate that even after the global superconductivity is destroyed, the material continues to possess some of the fundamental properties commonly associated with the superconducting state. These include the dramatic observation of magnetic flux quantization in disorder driven insulating Bi films [4] , finite high-frequency superfluid stiffness above T c in amorphous InO x films [5] , and the formation of a ''pseudogapped'' state [6] above T c characterized by a finite gap in the electronic spectrum. Recent theoretical investigations [7] also indicate that strong superconducting correlation can persist even after global superconductivity is destroyed.
The superconducting state is characterized by a complex order parameter of the form É ¼ jÁje i where three kinds of excitations can ultimately destroy the superconducting order: (i) quasiparticle excitations (QE) which primarily affect the amplitude jÁj; (ii) quantum phase fluctuations (QPF) associated with the number-phase uncertainty relation; and (iii) classical phase fluctuations (CPF) caused by thermal excitations. In ''clean'' conventional superconductors, it is sufficient to consider QE alone [8] , which are well described by Bardeen-Cooper-Shrieffer (BCS) and Eliashberg mean-field theories [9] . However, strongly disordered superconductors are characterized by poor screening of the Coulomb interactions [10] and small superfluid density (n s ) due to disorder scattering [9] , making them susceptible to phase fluctuations. Since strong phase fluctuations can destroy the global superconducting order well before jÁj goes to zero, a larger role of phase fluctuations could explain the persistence of superconducting properties above T c . Numerical simulations [11] also show that the superconducting state can get destroyed by strong phase fluctuations between domains that emerge in the presence of strong disorder.
In this Letter, we explore the role of phase fluctuations in strongly disordered superconducting NbN films, using a combination of scanning tunneling spectroscopy (STS) and penetration depth () measurements. The effective disorder, characterized by the product of Fermi wave vector (k F ) and electronic mean free path (l), ranges from k F l $ 1:24-10:12. In this range, T c (the temperature where the resistance reaches 1% of its normal state value) decreases from 16.8 K to <300 mK. In films with T c & 6 K, we observe that the dip in the tunneling density of states (DOS) associated with the superconducting energy gap (Á), persists well above T c ; on the other hand n s / À2 is suppressed compared to the BCS estimate, and shows a gradual evolution towards linear temperature variation. These observations provide compelling evidence of the role of phase fluctuations in a strongly disordered s-wave superconductor.
Our samples consist of epitaxial NbN films grown through reactive magnetron sputtering on single crystalline MgO substrates, with thickness ! 50 nm, which is much larger than the dirty-limit coherence length ( $ 4-8 nm) [12] . The disorder in these films can be tuned by controlling the level of Nb vacancies in the NbN crystalline lattice, which is controlled by controlling the Nb=N ratio in the plasma [13, 14] . k F l is determined from the resistivity () and Hall coefficient (R H ) using the free electron formula k F l ¼ fð3 2 Þ 2=3 @½R H ð285 KÞ 1=3 g=½ð285 KÞe 5=3 (@ is Planck's constant and e is the electronic charge). The absolute value of is measured using a low-frequency (60 kHz) two coil mutual inductance technique [15] on 8 mm diameter circular films patterned using a shadow mask. The temperature dependence of the tunneling-DOS is probed from the measurement of tunneling conductance
week ending 28 JANUARY 2011 0031-9007=11=106(4)=047001 (4) 047001-1 Ó 2011 American Physical Society [GðVÞ ¼ ðdI=dVÞj V ] using an in situ, high-vacuum, lowtemperature scanning tunneling microscope [16] (STM) operating down to 2.6 K. Tunneling measurements were also performed on disordered NbN=insulator=Ag planar tunnel junctions [17] at 500 mK in a 3 He cryostat. Figure 1 (a) shows the conductivity () as a function of temperature for a series of NbN films. While most of the films display ðd=dTÞ > 0 in the normal state [14] , even in the most disordered film [inset (a)], the variation in -T (after superconductivity is suppressed by the application of a magnetic field) clearly suggests that ðT ! 0Þ Þ 0. Therefore, all of our samples are on the metallic side of the Anderson metal-insulator transition (MIT). Figure 1(b) shows that both the conductivity just before the onset of the superconducting transition ( 0 ) and T c asymptotically go to zero as k F l ! 1. Therefore, the critical disorder for destruction of superconductivity coincides with the MIT. While a direct transition from a superconducting to an insulating state with disorder is ubiquitous in ultrathin two-dimensional films [2] , in 3D, both superconductor-normal metal and superconductorinsulator transitions have been observed and theoretically predicted [10, 18, 19] . At present, we do not know whether this coincidence, similar to that reported for 3D borondoped diamond epitaxial films [20] , is merely accidental.
The temperature evolution of the tunneling DOS was investigated through STS measurements performed on several samples with different disorder. Figures 2(a)-2(c) show the temperature dependence of the tunneling DOS in the form of an intensity plot [16] of the normalized conductance GðVÞ=G N [where G N ¼ GðV ) Á=eÞ], as a function of temperature and bias voltage for three different films. For each temperature, the GðVÞ vs V spectrum is spatially averaged over 32 points taken at equal intervals along a 150 nm line. The resistance vs temperature for each sample is shown in the same panel. At the lowest temperature, GðVÞ=G N vs V for the first two samples (shown in inset) show a dip close to V ¼ 0 and two symmetric peaks, as expected from BCS theory. For the sample with T c $ 11:9 K, a flat metallic DOS is restored for T > T c . However, with increase in disorder a pseudogapped phase emerges, where the dip in the DOS persists above T c . In the most disordered sample (T c $ 1:65 K), the pseudogap persists well beyond the onset of the superconducting transition, up to $6:5 K. We would also like to note that even above the pseudogap temperature, in all our samples, a ''V'' shape in the GðVÞ=G N spectra [21] extends up to V ) Á=e. This feature, which is not associated with superconductivity, arises from Altshuler-Aronov (AA) type interactions in the normal state. To extract the pseudogap feature associated with superconductivity in the most disordered sample (T c $ 1:65 K), we subtract the AA background using the spectra obtained at 8 K [22] , from the spectra obtained at 2.65 K. The resulting curve Fig. 2(c) ] clearly reveals the presence of broadened coherence peaks around 2 mV confirming the superconducting origin of the pseudogap feature. In addition, the individual line scans [23] , reveal that the superconducting state becomes progressively inhomogeneous as the disorder is increased [11] .
To investigate the origin of the ''pseudogap'' behavior we now focus on ðTÞ.
À2 ðTÞ / n s [ m Ã =ð 0 e 2 2 Þ, where m Ã is the effective mass of the electron], gets strongly renormalized [24, 25] in the presence of phase fluctuations. Figures 3(a) and 3(b) show the temperature variation of À2 ðTÞ in a series of NbN films with different T c . At low disorder the temperature variation agrees well with the dirty-limit BCS expression [9] , À2 ðTÞ= À2 ð0Þ ¼ fÁðTÞ=Áð0Þg tanh½ÁðTÞ=ð2k B TÞ, where k B is the Boltzman constant. However, as disorder increases two effects become noticeable: (i) À2 ðT ! 0Þ decreases rapidly by 2 orders of magnitude and (ii) À2 ðTÞ decreases faster than the expected BCS temperature variation. First we concentrate on À2 ðT ! 0Þ. In the absence of phase fluctuations, À2 ð0Þ is reduced by disorder scattering according to the BCS relation [9] , À2 ð0Þ BCS ¼ 0 Áð0Þ 0 =@. For NbN, we find Áð0Þ % 2:05k B T c from tunneling measurements performed at low temperatures (T < 0:2T c ) on planar tunnel junctions fabricated on a number of samples with different disorder [26] [inset Fig. 3(c) ]. Figure 3(c) shows that À2 ð0Þ % À2 ð0Þ BCS within experimental error for samples with T c > 6 K. However, as we approach the critical disorder À2 ð0Þ becomes gradually smaller than À2 ð0Þ BCS , reaching a value which is 50% of À2 ð0Þ BCS for the sample with T c $ 2:27 K. Also, while in all samples À2 ðTÞ saturates as T ! 0, at higher temperatures, samples with T c < 6 K show a gradual evolution towards a linear-T variation. This is most clearly observed in the sample with T c $ 2:27 K [ Fig. 3(d) ].
Since the suppression of ð0Þ À2 from its BCS value and linear-T dependence of À2 ðTÞ are characteristic features associated with QPF and CPF [27] , respectively, we now try to quantitatively analyze our data. The importance of QPF and CPF is determined by two energy scales [8] : the Coulomb energy E c , and the superfluid stiffness J, which can be estimated for a 3D superconductor from the relations [25] , E c ¼ ð16e
2 Þ=ð" 1 aÞ and J ¼ ð@ 2 an s Þ=ð4m Ã Þ, where " 1 is the background dielectric constant and a is the characteristic length scale for phase fluctuations. The suppression of À2 ð0Þ from QPF can be estimated using the self-consistent harmonic approximation [28] which predicts (in 3D
We calculate these values for the sample with T c $ 2:27 K. For NbN, we estimate " 1 % 30 from the plasma frequency (12 600 cm À1 ) measured [29] at low temperatures. Taking a % $ 8 nm (Ref. [12] ), we obtain E c % 0:3 eV and J % 0:14 meV at T ¼ 0, corresponding to n s ðT ¼ 0Þ=n s0 ðT ¼ 0Þ % 0:02. While this value is likely to have some inaccuracy due to the exponential amplification of errors in our estimate of E c or J, the important point is that this suppression is much larger than our experimental estimate, À2 ð0Þ= À2 BCS ð0Þ % 0:5. On the other hand "! p $ 6:5 meV 75 K, so that one should conclude that CPF cannot be responsible for the observed linear temperature dependence of À2 ðTÞ in this sample.
These two apparent contradictions can be resolved by considering the role of dissipation. In d-wave superconductors, the presence of low energy dissipation has been theoretically predicted [30] and experimentally observed from high-frequency conductivity [31, 32] measurements. Recent measurements [33] on amorphous InO x films reveal that low energy dissipation can also be present in strongly disordered s-wave superconductors [34] . While the origin of this dissipation is not clear at present, the presence of dissipation has several effects on phase fluctuations [25] : (i) QPF are less effective in suppressing n s ; (ii) QPF contribute to a T 2 temperature depletion of n s of the form n s =n s0 ¼ 1 À BT 2 at low temperature where B is directly proportional to the dissipation, and (iii) the crossover to the usual linear temperature dependence of n s due to CPF, n s =n s0 ¼ 1 À ðT=6JÞ, occurs at a characteristic temperature that is much smaller than @! p =k B , and scales approximately as T cl % J= "
, where " is a dimensionless measure of the residual conductivity in the SC state. In the sample with T c $ 2:27 K, the T 2 variation of ðTÞ À2 =ð0Þ À2 can be clearly resolved [15] below 650 mK [inset, Fig. 3(d) ]. À2 for the film with T c ¼ 2:27 K; the solid lines are fits to the T 2 dependence of À2 ðTÞ= À2 ð0Þ at low temperature (T 0:65 K) and the T dependence at higher temperature; the inset shows an expanded view of the T 2 dependence at low temperatures.
In the same sample, the slope of the linear-T region is 3 times larger than the slope estimated from the value of J calculated for T ¼ 0. This discrepancy is, however, minor considering the approximations involved. In addition, at finite temperatures n s0 gets renormalized due to QE. With decrease in disorder, QE eventually dominates over the phase fluctuations, thereby recovering the usual BCS temperature dependence at low disorder. The increased role of CPF could naturally explain the observation of a pseudogapped state in strongly disordered NbN films. We would also like to note that in all the disordered samples À2 ðTÞ shows an abrupt downturn close to T c , reminiscent of the Kosterlitz-Thouless (KT) transition [15] . However, since in 3D a KT transition is not expected, we do not know the origin of this behavior.
To summarize, we observe a progressive increase in phase fluctuations and the formation of a pseudogap state in strongly disordered NbN thin films. These observations support the scenario where the superconducting transition is governed by phase disordering. The remaining question is on the role of amplitude fluctuations arising from nonequilibrium Cooper pairs, which can also produce a dip in the tunneling DOS above T c . While our experiments cannot rule out the possibility of amplitude fluctuations also playing a role [35] , within a standard Ginzburg-Landau (G-L) approach this effect is much smaller [36] than the pseudogap feature observed in our samples. However, it would be worthwhile to critically explore the applicability of conventional G-L theory close to the MIT to assess the role of amplitude fluctuations. It would also be interesting to use a comparative analysis between tunneling DOS and to understand the extent to which the pseudogap state in underdoped high-T c cuprates can be understood within a phase-fluctuations scenario.
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